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Abstract
We investigate Particle Image Velocimetry and its applications to
analyzing granular media. To apply PIV to our experiments in gran-
ular media we will be using PIVLab developed by William Thielicke
and Eize J. Stamhuis. An overview of the program will be given
along with the process of image analyses we will be using. Using 5mm
spherical beads as our granular medium we will pass intruders of var-
ious diameters through the granular material at varying immersion
depths and velocities in order to create granular flow around the ob-
ject. Recording videos of these experiments and processing them with
PIVLab we will attempt to show that the shearing and pileup regions
in the granular flow are independent of velocity. In addition we will
use PIVLab to determine the surface vorticity within a granular flow.
We will see that experiments run at 0.5cm/s when compared to those
run at 5cm/s do indeed show very little velocity dependence, with an
average velocity field difference of approximately 3%. When compar-
ing the velocity fields of experiments run at 0.5cm/s and 10cm/s we
see that our recording equipment generates images that contain too
much noise for PIVLab to track accurately and the tools developed
for our analyses may not be sufficient.
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1 PIV Background
1.1 What is PIV
The desire for a more complete understanding of the flow of a particular
media has been around for some time. Dating as far back as Leonardo da
Vinci there has been inquiry into the flow of liquids as seen in Figure 1. This
is one of many images da Vinci recorded in his notebook while studying the
flow around various types of obstructions in a river. Creating models of the
flow of fluids has real and powerful applications in industries involving aero-
dynamics and fluid dynamics. More recently, examining the flow of granular
materials has also become of great engineering importance. This is especially
true in industries involving pharmaceuticals and civil applications. Modeling
granular flows has practical applications to natural phenomenon as well, such
as the transport of sand dunes and the dispersion of sediment. [4].
Figure 1: Drawing by Leonardo Da Vinci of flow around objects.
Image source:Codex Leicester
Being able to model the flow of various media in a simple and compact
way has only recently become a reality. The first instances of Particle Image
Velocimetry, which we will refer to from now on simply as PIV, did not arise
until the late 1970s’ to the early 1980’s when the computational power to
analyze the massive amounts of raw data associated with PIV could be pro-
cessed. The first publication coining the term Particle Image Velocimetry was
published in 1984 [1]. The computing power necessary and the complexity of
the experimental apparatus of early PIV experiments presented a barrier to
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the advancement of this type of science. In the early 80’s the typical setup
time for a PIV experiment was two to three days in addition to the two
or more days it took for optical evaluation [3]. While trying to sketch and
model the flow of liquid has been attempted throughout history the current
forms of PIV are characterized by the ability to accurately take quantitative
measurements of a very large number of points simultaneously in a fluid.
PIV is a relatively new development that has only more recently seen its
applications expanding because of the ever expanding computing power we
now posses as compared to when this technology was first introduced. The
first iterations of these experiments were done with a film camera capable
of capturing very high frames per second and a strobe light or laser used to
illuminate the particles seeded within the fluid. These images could then be
analyzed to find the instantaneous velocity of the particles. More recently
lasers have been used for illumination because of how well the wavelength
and illumination areas can be controlled.
Figure 2: Image depicting an early PIV experimental setup
Image source:Twenty Years of Particle Image Velocimetry
Currently, PIV is done using digital video cameras that have a high
pixel density while maintaining a high frames per second recording rate.
This video is broken up into still images and is then fed into a computer
where software like MATLAB, in conjunction with programs like PIVLab [6],
offer a more user friendly method for analyzing successive images. PIV has
also been used more recently to analyze granular material and this new area
of investigation is often referred to separately as Granular PIV. the main
difference between these two image analysis systems is that granular PIV
does not need to be seeded. Instead of using liquid and seeding it with small
particles to track the granular media itself can generally be tracked with
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relative ease.
PIV is used to analyze many different types of flows and because of this
there are many different methods for image analyses. All of these methods,
however, rely on identifying specific pixel intensities within an image so that a
particle may be identified and tracked. Because this investigation focuses on
the applications of PIV to granular media, and the use of PIVLab specifically,
we will be focusing on single exposure images presented in sequence which
PIVLab will then analyze using a method called window deformation. Today
PIV has advanced to the point where industry sells turnkey PIV packages
complete with laser illumination systems and high pixel density cameras. It is
even possible to do this type of analysis on a home computer using consumer
grade camera equipment.
1.2 Image Processing
PIV relies on examining images in sequence to determine particle movement.
In particular, PIVLab uses a method called window deformation to track
particles from one image to the next in order to generate a frame. To start the
analysis process the PIV program first breaks the image up into interrogation
regions. These are subsections of images and are of a specific size measured
in pixels. The window size is generally selected by the user depending on the
type of material being tracked. In order for PIV to track the particles from
one interrogation area to the next it is necessary for the program to know
the intensity of various pixels. PIV tracks the intensity of the pixels and
then, like many other forms of PIV, uses some form of the cross correlation
function shown in equation 1 [2].
Max
a
=
∫
A
f1(x)f2(x+ a)dx
2 (1)
This allows the PIV program to match intensities of particles from im-
age to image so that it may generate the velocity field. In the cross correlation
function ”a” is the displacement vector or the shift between interrogation ar-
eas and ”A” is the correlation domain. The intensity function f(x) is known
at times t1 and t2 and is expressed in f1(x) and f2(x). Here, f1(x) and f2(x)
can also be thought of as interrogation areas one and two. This forms the
basis for PIV. Cross correlation of intensity peaks in a given interrogation
area and finding the location of the displaced intensity peak [3].
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Figure 3: Top: image showing two images with interrogation areas and how they
offset. Bottom: the breakdown of the flow into interrogation areas
Bottom Image source:Twenty Years of Particle Image Velocimetry
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Figure 4: Image showing, from left to right, the initial interrogation area,
identifying various particle intensities and finally finding an intensity match.
Image source:Particle Image Velocimetry, A Practical Guide
Tracking particles by their intensity presents its own unique set of chal-
lenges. Background noise plays a large part in being able to distinguish parti-
cles from the medium. If the background noise is too high there will be large
amounts of error in the correlation because it will be very difficult for the
PIV program to find suitable matches. Tracking particles requires a camera
that can record at sufficient frames per second so that none of the images are
blurry. As we will see later using a camera that cannot capture images at
sufficient speed will lead to blurry images that drastically increase the noise
in an image making it very difficult to track particles. Granular media is able
to avoid some of the technical difficulties associated with tracking fluids. For
instance, when conducting a PIV study on a fluid, particle saturation be-
comes a concern as well as illuminating the particles through fluids that may
not be clear. Having too many tracer particles in a given sample can change
the sample behavior or make tracking particles very difficult. Granular me-
dia does not see this problem because the medium, in essence, is completely
saturated.
While granular media avoids some of the pitfalls of regular PIV in a
fluid it also has its own set of unique problems. Particle tracking can be
difficult because getting the appropriate focus on thousands of particles in a
given test area can be nearly impossible for even the most expensive cam-
eras. Traditional PIV is able to use illumination techniques to make the
seeded particles stand out while granular PIV is not able to do this because
it would be illuminating the entire media. In addition to this as the intruder
passes through the granular media problems can arise with achieving the ap-
propriate camera angles. In our case the images have part of the mounting
obstructing some of the flow field which makes analysis significantly more
difficult. There is also the fact that granular media does not act like a tra-
ditional fluid. Some of the particle reactions can be extreme causing PIV
software to generate vectors that may seem random but are actually caused
by particles that were rolling in the wrong direction or were impacted in such
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a way as to give them a short lived burst in velocity.
Figure 5: Image showing a sample multipass interrogation area
For the scope of this investigation we will be examining single expo-
sure images extracted from video taken from a Nikon D90 digital camera
recording at NTSC standard 24 frames per second with a multi pass, coarse
to fine interrogation technique that PIVLab employs.The multi pass process
employs user defined interrogation areas offset by a specific pixel amount in
order to create the deformation from one image to the next allowing PIVLab
to generate a single frame. The first pass identifies particles in the first image
by assigning pixels of different intensities specific intensity functions. It then
offsets the interrogation box by the set amount and applies it to the second
image and tries to re-identify the particles by matching pixel intensities. Us-
ing the cross correlation function seen in equation 1 PIVLab then matches
intensities accordingly.
1.3 PIV results
The results from a PIV analysis can vary greatly depending on what the
user is investigating. One feature of PIV that generally characterizes an
experimental result is the generating of a vector field for the flow of liquid or
material.
Figure 6: Image showing an example of a PIV generated vector field
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The vector field in two dimensions is a function
−→
F that assigns to each
point (x, y) a two dimensional vector given by
−→
F (x, y) or in the case of three
dimensions the vector would be given by
−→
F (x, y, z) Due to the fact that PIV
generates a vector field after analyzing a set of images it becomes possible
to do other operations on the vector field. a direct result of having a vector
field, for example, is being able to calculate vorticity. Vorticity is defined as
the curl of the vector field and is given by
−→ω = −→∇ ×−→v (2)
In a more general sense the vorticity within a fluid is the tendency for
a specific element of that fluid to spin with in place or while it translates
from point a to point b. Having PIV calculate the vorticity is advantageous
because the curl of a vector field can be a very abstract idea to try to visualize.
With a program like PIVLab we are able to export images that are a very
powerful visual reference in visualizing the vorticity of a particular flow.
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2 PIVLab
PIVLab is a tool written specifically for MATLAB by William Thielicke and
Eize J. Stamhuis. The idea behind the program is to provide a free and pow-
erful tool for conducting PIV research. PIVLab is able to import a series of
images, analyze them and export the analyzed image in the format desired
by the user. It is also capable of recompiling the images into video by way of
the cinepack codec contained within the program. As stated earlier PIVLab
uses single exposure images along with the window deformation technique to
track particles across a series of images. As is necessary with this type of
PIV there must be two base images in order to generate analyzed frame. PIV
can be run through the MATLAB command line for more advanced users or
it also includes a self contained GUI that makes for easy use of the program.
The main advantage of employing the window deformation technique here is
that PIVLab does not need any information regarding light intensity or the
time between successive frames that some other forms of PIV need. PIVLab
is able to calculate the velocity field of a material or fluid based only off of
sequential images that are loaded into it. What follows is a brief overview
of some of the functionality of the PIVLab software that we used to analyze
our data.
2.1 Importing Images
All forms of PIV analysis using PIVLab must start with importing a series of
images. In order to extract the images from our experiment videos we used
a separate program called Irfan View [5] which will extract all frames from
a video quickly and label them with the file name and frame number. From
the ”New Session” window the user can search for the given image set and
import it into the program. Here it is also possible for user to define how
PIVLab will group the images to make the frames. The options for grouping
are either 1-2 2-3 3-4 or 1-2 3-4 4-5. Upon importing the images they will be
immediately grouped into the appropriate pairs scrolling through the images
via the scroll bar on the bottom left will only result in moving through half
as many images as were imported.
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Figure 7: File import area of PIVLab
2.2 Analysis Setup
After the desired images have been selected for import into PIVLab it is
necessary to choose the settings with which the program will analyze the
images. These are available under the ”Analyses Settings” menu located
on the top of the PIVLab GUI. It is here that the user is able to setup
the interrogation area and the interrogation offset that will determine how
PIVLab tracks the particles. It is also possible to setup multiple passes to
try to increase the accuracy of the measurements. The multiple pass options
work in the exact same way as the initial interrogation window setup. The
only difference here is that you cannot choose the offset as it defaults to 50
percent of the initial window. This is most likely due to the fact that reducing
the offset of the interrogation areas on windows that are very small increases
computation time dramatically. In the case of analyzing 2000 unique images,
which is 1000 frames, the calculation time can increase by anywhere from an
hour to many hours depending on system performance.
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Figure 8: Image showing a sample multipass interrogation area
Also under the ”Analyses Settings” menu is the option to set regions
of interest and put exclusion masks on the images that will be analyzed.
Regions of interest, or ROI, allows the user to set a specific area of the image
that is to be analyzed. This is especially convenient because the user does not
have to use an outside program to crop what could be hundreds of images.
Using ROI can also drastically reduce computation time by eliminating part
of the image from the analysis. Image Masks work in the opposite way from
ROI. Instead of choosing the area that you wish to analyze, instead you are
choosing the area which you chose to ignore. This is of particular use when
it is necessary to eliminate an intruder of an odd shape from the analyses as
drawing a mask, unlike ROI, can be made in any shape that is necessary by
clicking and dragging points.
2.3 Plotting Data
The ”Plot” menu contains the controls that govern how the velocity field is
presented. Here the user is able to change scale and thickness of the velocity
vectors as well as color of the vectors. It is also possible to set how many
vectors ”n” are represented on screen where n is an integer. This functionality
allows the user to analyze an image set with a high degree of precision and
then lower the amount of vectors displayed on the screen so the background
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image is still visible. The coloring of vectors is done by way of entering a
percent as a decimal taking values from 0 to 1. Colors for interpolated and
bad vectors can also be entered here in the same manner.
The plot menu also contains some added functionality for the end user
contained in the ”derive parameters” sub menu. Here it is possible to change
the vector frame of reference by subtracting off the mean u or v component
of velocity. It is also possible to generate vorticity, shear and average a
given quantity over the entire sequence of images. For vorticity and velocity
subtractions PIVLab assigns colors to various parts of the image. Vorticity
for example has orange to red being positive and different shades of blue being
negative. This same color scheme applies towards velocity subtractions where
the color gradients show changes in magnitude.
Figure 9: Top image shows a velocity field with the mean u component
subtracted away and the Bottom image shows a vorticity plot.
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2.4 Vector Validation
After a set of images has been analyzed we have the option to try to clean
up the images through use of the ”Post Processing” menu. This particular
set of options allows the user to put local filters on the image to change how
PIVLab analyses the data. These filters can remove vectors based on how
many standard deviations they are away from the mean or local median.
Figure 10: Image showing PIVLab vector validation options
Another very powerful option in this menu is the ability to select ve-
locity limits. This will allow the user to open up a scatter plot that shows
what velocities are present within the set of images and then select what
portion of these velocities the user wants to include in the final analysis. The
vector validation menu also contains a check box labeled ”interpolate missing
data”. This can be useful if the program cannot find suitable matches within
the flow to make the vector field. This can also be detrimental to the image
analysis as PIVLab may introduce vectors that were not there previously
or introduce vectors that are simply calculated wrong. The user will know
immediately what vectors are interpolated because the default interpolated
vector color is set to orange where the default vector field color is green. The
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user must be careful here to make sure that correct data is not sacrificed in
order to make a presentable figure.
Figure 11: Top image shows a frame without vector validation. The middle
frame shows limited used of vector validation. Bottom frame shows incorrect use
of vector validation, changing the entire flow field.
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3 Apparatus
The experiments run to identify the shear band and pile up regions of an
intruder passing through granular media are conducted by simulating a fine
granular media using technical quality glass spheres of 5mm diameter with
a tolerance of plus or minus 0.3mm which can be seen in the appendix.
These beads are placed in a custom constructed bed of height 12.7cm , width
76.2cm, and length 76.2cm. The bed is placed on a rubber mat on top of a
two dimensional translational staging with AC motors run by stepper motor
controllers which pulse electricity to the motors. Geometries are intruded
into the constructed bed of beads at a depth of up to approximately 9cm
via a one dimensional translational axis also run by an AC motor run by a
stepper motor controller. In order to identify locations within the bed, po-
sition sensors are attached along the three dimensions of motion. All of the
electronics are run through two DAQ controllers which collect data from the
position sliders and load cells, as well as transmit data to the stepper motor
controllers. This allows for a precise control of the acceleration, velocity,
and position of any motion done within the restrictions of the translational
beds motion capabilities. Each DAQ controller is routed with a 12v marine
battery which powers the respective components. A wiring diagram of each
DAQ controller can be seen in the appendix.
Figure 12: Experimental apparatus.
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In order to record the regions of interest of varying geometries, a cus-
tom mounting rig was designed with safety and ease of use in mind. A large,
controllable magnet is attached to the translational staging in the z reference
plane with smaller magnets located around it to assist in holding the mount
in place. The presence of magnets in the mounting apparatus adds a physical
safety to the system. This helps protect against incorrect immersion depths
being input into our experiments. Should the depth be too great ,causing the
intruder to contact the bottom of the granular bed. the magnets would slide
up the Z axis mounting plate protecting the load cells or mounting apparatus
from damage. From this rigging the three load cells can be mounted for mea-
suring drag, as well as any geometries and baﬄing that are desired. Level
is checked frequently to ensure the apparatus is not changing significantly
during experimentation. The entire mounting rig is intruded into the beads
to a particular depth depending on the geometry. This is accomplished by
first determining the exact height of the beads and then the code adds the
appropriate immersion depth.
In order to record the experiments a Nikon D90 digital camera is
mounted above the intruder. An image of the camera is included in the
appendix. It is mounted in such a way as to isolate vibrations. The camera
is mounted well above the granular bed by a system of bars and and clamps.
This allows us the ability to change or remove parts easily so that we may
run different experiments. The camera is leveled in both the x and y direc-
tions and its placement is set to be as near as possible to being directly over
the intruder. Having the camera looking directly down on the intruder is
important because we do not want to skew the image of the shear and pileup
regions of the granular flow for our analysis. The camera is also focused in
such a way as to make sure that the entire granular flow will captured.
The entire apparatus is controlled through MATLAB which imports
data from and exports data to an excel spreadsheet setup with all the ap-
propriate variables and dimensions required for analysis of each experiment.
This allows for the setup of multiple experiments in the spreadsheet so that
minimal input is required from the user in order to do repeat experiments.
By using various custom created programs and commands the running of
each experiment from MATLAB is highly simplified.
Safety is one of the main concerns when dealing with a custom con-
structed and coded apparatus. As such there are a series of momentary
switches which can be placed at the extreme limits of motion of the trans-
lational staging which are all interconnected to a quick stop circuit. If any
of the switches are hit this will cause all of the stepper motor controllers to
default and stop transmitting electrical pulses. In addition to these physi-
cal switches, each dimension of motion has a hall activation switch at a set
18
limit before the physical limitation of the translational staging. These hall
switches are also routed into the quick stop circuit and, similarly, if any of
these hall switches are activated all of the stepper controller motors default
and stop transmitting. The wiring diagram of this circuit can be seen in the
appendix.
3.0.1 Preparation
Preparation of the granular media is of particular importance due to the
tendency of granular media to pack itself together and crystallize. We rake
the bed prior to each experiment with a specially made rake that encom-
passes the entirety of the granular bed to maintain the same packing from
experiment to experiment. In an effort to maintain consistency through each
experiment all experiments are done in a direction perpendicular to the di-
rection that the bed was raked in. After the bed has been raked we level
the bed so that we have a uniform surface. The leveling is done in a single
pass wherever possible so that we do not inadvertently compact the beads,
changing our packing coefficient. Having a level bead surface is important
as we are investigating the drag forces at various immersion depths as well
as conducting multiple experiments per bed preparation so uniformity allows
for only one measurement of the bed height. We also use the bead surface to
measure our immersion depth from. For our data to be accurate we need to
be sure that our immersion depths are as constant as we can make them and
not varying over the length of the experiment as this can impact our drag
forces.
Figure 13: Rake used for raking the granular bed
We make use of MATLAB’s ability to read and write to an excel spread-
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sheet to control the parameters of our experiments. The spreadsheet contains
all necessary information in order to design specific runs for individual exper-
iments which include initial position, run length, angle of motion, velocity,
and immersion depth. The spreadsheet is set up so that experimental pa-
rameters can be input for many experiments in advance so that each new run
only requires limited input from the user. Utilizing the spreadsheet simplifies
experiment organization and allows for very quick interpretation of results.
Using MATLAB and excel also give us the ability to plot and preview our
experimental runs prior to the actual running of the experiment. This has
the added functionality of allowing us to build a virtual safety zone so that
we have an added layer of protection against hitting the sides of the bed and
potentially damaging the apparatus. Figure 14 shows our preview function-
ality. Here the yellow section represents the total size of the granular bed and
the blue section represents our safe region to work with. The black arrow
shows start and end points as well as direction of travel.
Figure 14: Example of the preview function which shows the granular bed
represented in yellow with our safety zone which is in blue. The particular
experiment and direction are shown by the black arrow.
3.0.2 Experiment Overview
In order to study the shear band and pile up regions effectively many different
types of experiments will be required. To properly analyze the shear band
and pile up regions we will conduct experiments in which varying geometries
are intruded into the granular bed and the granular bed is moved via stepper
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motors until the pile up effect has reached as steady state. figure 15 shows
the drag force when this steady state is accomplished. The red portion of
figure 15 is our averaging window which can be customized so that we can
account for variations in where the steady state occurs. It is within this
region that we want to try to analyze our images. Determining when the
pile up effect has reached a steady state determines experiment length and
direction. It is important that we are able to take data after the initial pile
up has occurred and before we start to see effects related to wall interactions.
It was also necessary to modify the acceleration parameters of the horizontal
stepper motors in order to achieve steady state forces at speeds of up to
10cm/s. If the acceleration is too low, trying to test higher velocities becomes
impossible because the steady state pile up does not occur before deceleration
starts.
Figure 15: example of steady state region and analysis window
3.0.3 Intruders
The experiments we conducted were dedicated to studying the pile up and
shear band regions of various intruders when dragged through the granular
bed. For other experiments it is possible to conduct multiple runs in a single
prepared bed, however in the case of recording experiments it was easier to
maintain a single run scenario. For consistency all of the experiments were
run with the same start and end position translating in the x direction. The
posts used for these experiments ranged from diameters of 2.54cm to 8.89cm.
Due to the fact that we needed to run multiple experiments on a single post
we mounted them in such a way as to have them directly attached to the
magnet so that maintaining our measurements between runs was easier. This
was done by machining a quarter inch hole in a rod that was then attached to
the mounting magnet. This rod was then attached directly to the intruder by
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way of another shorter rod extending down in the z direction.The method for
mounting these intruders is shown in detail in Figure 16 with further images
available in the appendix. The initial experiments were at z immersions of
1, 3 and 5cm as well as at velocities of 0.5, 5 and 10cm per second. these
were done in order to show that the shear band and pile up regions are not
affected by the velocity of the intruder. They are only affected by immersion
depth and diameter of the intruder.
Figure 16: Square intruder mounted using magnets to the Z axis.
Experiments with varying immersion depths require that particular at-
tention be paid to the start and end points of a given run. With immersion
depths that approach our maximum capability there is significant pile up ef-
fect which extends for many centimeters in front of the intruder which makes
it easy to get wall interactions where they might not be readily apparent.
To this end the video image extractions are taken while the edges of the bed
are still some distance away. The beginning of these wall interactions can be
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seen at the end of Figure 17. In this figure we can see the normal steady sate
drag force except for at the very end. At the end of this experiment we can
see the steady state force jump and this is an indication that we have stared
to see wall interactions. It is where this jump happens that we will have to
avoid in the PIV analysis because it will interfere with the pileup regions in
front of the intruder.
Figure 17: At the end of this experiment we are able to see the wall interaction
effect start to occur.
We were also able to run experiments at higher and lower velocities
than what we have recorded here. However, running experiments slower
that 0.5cm/s and faster than 10cm/s pushed our camera equipment past its
capabilities. Slower than 0.5cm/s and we would get out of the recording time
window of our camera and faster than 10cm/s the bead velocity as it passes
around the sides of the cylindrical post was too fast for our 24 frame per
second capture speed to accurately record. Running these different velocities
also raises concerns about acceleration. It is important to be careful not to
make the granular bed accelerate to fast. If the acceleration is too sudden
it will shake the granular media and have a negative effect on our packing
coefficient. At the same time if the acceleration is not high enough we will not
be able to reach a steady state force and the experiment will be dominated
by zones of acceleration and deceleration only.
23
4 PIVLab and its Applications to Granular
Media
Granular flows can be examined using PIV much like a seeded fluid. The
main difference being that instead of tracking seeded particles we can track
the granular medium itself. The flow we will be tracking will be generated
by immersing an intruder into a granular bed filled with 5mm spherical glass
beads and then moving the granular bed past the intruder. Flow will be
generated around the intruder and the shear band and pile up regions will
be become clearly visible. Extracting frames from the recorded experiments
and then processing those images with PIVLab will allow us to clearly show
these regions and to draw conclusions as to what determines how they form.
4.1 Experiments
The experiments we conducted were with cylindrical intruders with diame-
ters of 2.54, 3.81, 5.08 and 8.879cm diameters. For each diameter we ran
experiments at immersion depths of 1, 3 and 5cm. For each immersion depth
there were velocities tested of 0.5, 5 and 10 cm/s. Recording each of these
experiments gives us 36 movies. Each movie was extracted to individual
frames which were then imported into PIVLab. In the case of the 0.5cm/s
experiments this results in image sets of up to 2000 unique images. The PIV
interrogation areas were set to 128 pixels and 48 pixels respectively with a
50 percent offset on each pass. Vector line weight and scale were set accord-
ing to what gave the best visibility on the image. The analysis that follows
represents results that were averaged over the entire set of images for each
experiment. This allows for most of the noise and errant vectors to be av-
eraged out. The problem with this is that for the 0.5cm/s experiments we
have much more data to average over and there we generally end up with
much smoother results. Due to limitations with the size of our granular bed
changing the experiment length to match the slower experiments was not
possible.
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Figure 18: 5.08cm intruder flow field showing pileup and shear bands.
The shear band region is the region in which there is shearing in the
granular media. In terms of the images that we will be examining it is the
upper and lower limit where there is still visible deformation in the velocity
field. The shear band starts at the bottom of the intruder and rises up and
away from either side of the post in the shape of a triangle. The main problem
with trying to examine the shear band region arises when doing experiments
with large posts. Large posts generate a very large pileup region. This pileup
region is slowly displaced as it flows around the sides of the intruder. For
large posts the frontal pileup is so large that it covers the shear band area
as it flows, leaving small piles on the side of the intruder akin to the wake
of a ship. Close examination of the pileup region in the velocity field should
reveal where the shear band is occurring.
In addition to the shear band and pile up regions associated with the
flow of granular media around an intruder we will be examining the vorticity
caused by this flow. PIVLab will also be used for this. calculating vorticity
in two dimensions, as stated earlier, is taking the curl of the velocity field as
seen in equation 2. Where the nabla symbol is the gradient in two dimensions
given by,
−→∇ =
(
∂
∂x
,
∂
∂y
)
(3)
this gives us vorticity as a matrix that can be expanded as shown.
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−→ω = −→∇ ×−→v = det
∣∣∣∣ ∂∂x ∂∂yu v
∣∣∣∣ = (∂v∂x − ∂u∂y
)
(4)
After calculating the vorticity PIVLab proceeds to apply a color gradi-
ent to the image so the user is able to see clearly where the vorticity is in a
given frame. In order to get the clearest possible image of the vorticity re-
gions we will be averaging these experiments over all frames. In the vorticity
color gradient blue represents counterclockwise motion while red represents
clockwise motion. PIVLab interpolates missing data in the case of vorticity
so even though the intruder was masked out of the analysis area PIVLab
tries to predict what would happen in those areas. Any area marked by a
red ”x” should be ignored. What we can see from these images is that the
vorticity has a very high magnitude where the beads are in contact with the
intruder. this signifies that they are rolling on the intruder while they are in
contact with it. Outside of the contact region there is vorticity in the oppo-
site direction as the flow of the beads falls in behind the intruder. Finding
regions of strong vorticity is of interest to use because it represents where
in, the granular flow, energy is being transfered away from the flow. If the
particles in the granular flow are generating vorticity at some point in the
flow the energy imparted to the medium by the intruder is getting dissipated
into its surroundings in these vorticity regions.
Figure 19: vorticity regions generated by a 3.81cm intruder Immersed at 5cm
moving at 0.5cm/s
In order to determine if the velocity fields simply scale with dragging
speed, we develop a metric that compares two different experiments. The
velocity fields for each is rescaled with the dragging speed, and then mean of
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the normalized difference between the two is taken:
χmin = min
(
(u1 − u2)2 + (v1 − v2)2
(u1 + u2)
2 + (v1 + v2)
2
)
(5)
χmax = max
(
(u1 − u2)2 + (v1 − v2)2
(u1 + u2)
2 + (v1 + v2)
2
)
(6)
χmean = mean
(
(u1 − u2)2 + (v1 − v2)2
(u1 + u2)
2 + (v1 + v2)
2
)
(7)
Due to the fact that this metric is designed to use two experiments
at time, and we have experiments run in sets of three, we will be using the
0.5cm/s velocity as our base and subtracting the other velocity experiments
off of this. Doing the comparison this way means the data will be presented
in a table as follows:
D = 2.54 cm
0.5 cm/s 5 cm/s 10 cm/s
Immersion
1cm NA {0, 6, 200}% NA
Depth
3cm NA NA NA
5cm NA NA NA
Table 1: The difference metrics for different experiments. Immersion depth is
along the left and intruder diameter along the top. All represented intruder
diameters are being subtracted from our 0.5cm/s base.
On top of the table D represents intruder diameter.The different im-
mersion depths are to the left while the velocities along the top represent
what is being subtracted off of the 0.5cm/s base that we are using. Within
the table there will be three numbers in each entry. These represent the
minimum, mean and maximum difference found in the velocity field.
As an alternate and more visual way to analyze the data we graphed the
u component of the velocity field as it is read along a straight line extended
in both a vertical and horizontal line away from the intruder. In order to
do this the images first had to be scaled correctly. This was achieved by
taking the diameter in pixels of a given intruder and dividing that by the
actual diameter in centimeters of the intruder. It was then necessary to give
MATLAB a start coordinate for the vertical and horizontal line which was
taken off of a frame of each of the 0.5cm/s experiments. These plots have
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lines for all three immersion depths at a given velocity and are labeled as
such. The code to generate these graphs was generated by Professor Stephan
Koehler and can be viewed in the appendix. Unfortunately, do to the high
degree of randomness in the surface flow and different maskings for each
intruder, many of the graphs returned data that was not suitable. There
were two graphs that returned results which did not contain measurements
from beads with incorrect velocities. For these two results the generation of
pileup and shear band regions appeared almost identical.
4.1.1 2.54cm Post
The 2.54cm post represents an interesting experiment. In terms of our differ-
ence metrics the smallest diameter intruder we have gave us the best results.
This was not necessarily expected because there are so few actual beads in
contact with the intruder the data is generally very noisy. Examining the
data shows that the normalized difference in velocity fields between 0.5cm/s
and the other velocities is very small. A trend that starts here and continues
through the other posts , however, is that there is an increase in the difference
as the posts increase in velocity and immersion depth.
D = 2.54 cm
0.5 cm/s 5 cm/s 10 cm/s
Immersion
1cm {0, 0, 0}% {0, 0.26, 47.85}% {0, 2.4, 246.13}%
Depth
3cm {0, 0, 0}% {0, 0.52, 47.59}% {0, 4.03, 273.84}%
5cm {0, 0, 0}% {0, .96, 152}% {0, 5.56, 419.9}%
Table 2: Table of difference metrics for a 2.54cm post.
4.1.2 3.81cm Post
The 3.81cm post also yielded results that were mostly what we were expect-
ing. The 0.5cm/s experiment as compared to the 5cm/s experiment yielded
a particularly small difference, all coming in below 4%. The experiments
at 10cm/s again did not fair as well because the camera does not record
at sufficient framers per second to clearly capture the flow of the granular
material.
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D = 3.81 cm
0.5 cm/s 5 cm/s 10 cm/s
Immersion
1cm {0, 0, 0}% {0, 0.38, 22.79}% {0, 4.02, 503.65}%
Depth
3cm {0, 0, 0}% {0, 1.87, 152.15}% {0, 5.35, 470.45}%
5cm {0, 0, 0}% {0, 2.76, 268.48}% {0, 9.38, 330.55}%
Table 3: Table of difference metrics for a 3.81cm post.
4.1.3 5.08cm Post
The 5.08cm post created some problems for PIVLab. For an as yet unde-
termined reason the data was particularly noisy and the mask that was put
in place to cover the mounting bracket was not very effective. The extreme
difference in max percentages is caused by PIVLab generating a vector over
the mask. This causes a vector to be created where the previously was none
generating very large differences in the metrics. To further compound the
problem the 1cm immersion depth at 10cm/s velocity would not analyzed
correctly in MATLAB which is why the results show NA. Having MATLAB
make a plot of the normalized difference gives a better look at what is hap-
pening. Figure 20 shows us that around the mounting bracket at the top of
image there are readings that are significantly higher.
D = 5.08 cm
0.5 cm/s 5 cm/s 10 cm/s
Immersion
1cm {0, 0, 0}% {0, 1.21, 112.77}% {NA,NA,NA}%
Depth
3cm {0, 0, 0}% {0, 3.03, 398.13}% {0, 6.63, 446.88}%
5cm {0, 0, 0}% {0, 2.46, 398.4}% {0, 6.75, 465.61}%
Table 4: Table of difference metrics for a 5.08cm post.
These seem to be mainly caused by the bracket. Comparing these
readings, which can be as high as 140% different, to the readings on the
opposite side of the intruder shows an interesting comparison. The readings
on the lower side of the intruder in figure 20 shows a much lower percentage
difference as compared to the top.
29
Figure 20: Normalized Difference plot generated by a 5.08cm intruder. Notice
the false vorticity and false vector readings created by the the mounting bracket
at the top of the image.
Using our alternate form of analyzing the data we were able to generate
plots for this experiment at 5cm immersion which shows interesting results.
This graph tells us that the shear band and pileup regions as they are in-
terpreted from the velocity field are almost identical at all three immersion
depths.
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Figure 21: Left: Plot showing the normalized u component of velocity across a
vertical line heading away from the intruder representing the shear band. Right:
Plot showing the normalized u component of velocity across a horizontal line
heading away from the intruder showing the pileup region.
4.1.4 8.879cm Post
The 3.5 inch or 8.879cm post presented some unique challenges for the exper-
imental apparatus. The pile up region caused by this post at deep immersion
depths is very large as compared to the size of our granular bed. This means
that special care has to be taken when the post reaches close the the bound-
ary of the granular bed. Also, because so many beads are flowing around
the intruder in the experiments at high velocity the flow around the back
side of the post is very fast. In our case it was right at the limit of what our
camera, recording at 24 frames per second, could capture in a clean video.
Despite the difficulties in using this post the results were in line with the
other posts that were tested. Again the 0.5cm/s velocity as compared to the
5cm/s velocity yielded the best results.
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D = 8.879 cm
0.5 cm/s 5 cm/s 10 cm/s
Immersion
1cm {0, 0, 0}% {0, 2.86, 477.43}% {0, 3.04, 696.55}%
Depth
3cm {0, 0, 0}% {0, 2.94, 274.57}% {0, 4.32, 502.38}%
5cm {0, 0, 0}% {0, 1.68, 248.06}% {0, 6.75, 846.95}%
Table 5: Table of difference metrics for a 8.879cm post.
We were also able to use our alternate method of analysis for this ex-
periment at 5cm immersion. Much like the last graph which was successfully
analyzed we see a shear band and pile up region that is forming in almost
identical places.
Figure 22: Left: Plot showing the normalized u component of velocity across a
verticle line heading away from the intruder representing the shear band. Right:
Plot showing the normalized u component of velocity across a horizontal line
heading away from the intruder showing the pileup region.
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5 conclusions
Examining the velocity field images for all these experiments can be a little
deceiving. Just looking at the images themselves lends us to believe that
the velocity fields and pileup regions are extremely close to each other for
different velocities at a given immersion depth. Running the velocity fields
through our metrics in MATLAB however shows that this is not necessarily
the case. When comparing the 0.5 and 5cm/s experiments for the 2.54cm
and 3.81cm posts we can see that the results are indeed very close all com-
ing in below 3.5% and for the 2.54cm post in particular all the results were
below 2%. There an inherent problem with this data however. When we cal-
culated the mean of these velocity fields we did so over an entire image. This
presents problems because most of the velocity field is constant except for
the region directly around the intruder. The problem this creates is that the
mean value will end up be scaled down because the majority of the vectors
are a lower value than the vectors that we are actually interested in. This
is especially apparent in the image involving the 2.54cm intruder. Here the
intruder as well as the flow around it are very small compared to the overall
image making it so taking the average scales our results down. The opposite
is true as well the the large post. The differences are often larger because the
images are dominated by the flow around the intruder. The main problem
we ran into when analyzing the data in PIVLab did not make itself apparent
until we subtracted off the u component of the velocity field so we could see
how PIVLab was interpreting the velocity field. It became clear from these
images that PIVLab was creating vectors around the mask that we had put
in place to cover the mounting bracket. These fictitious vectors can bee seen
in figure 23. While initial results are promising in showing that the flow field
does not simply scale with velocity there is too much error generated in the
analysis. These errors make coming to a definite conclusion difficult.
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Figure 23: False vectors generated by PIVLab due to bad masking of the 5.08cm
intruder Immersed at 5cm moving at 10cm/s
6 Further Research
For further research it would be necessary to create new experiments that
highlight the particular areas we are interested in. A large part of this series
of experiments was gaining familiarity with the PIVLab software and what
was involved in creating this type of experiment. With the knowledge we
have gained from this series of experiments it should be possible for future
experiments to be better tailored towards finding the information we are
looking for. Improvements in the apparatus and in the analysis of the data
can be made towards this end as well. For example, importing masks into
PIVLab would be preferred to generating a new one for each experiment
so there is consistency between the experiments. Choosing experimental
velocities that fit our equipments limitations or acquiring new equipment
to cover a range of velocities would also be necessary to improve the data
collection. Finally, a more fundamental understanding of the PIV process is
necessary to move forward. Understanding how intensities are tracked and
finding the proper ratio of interrogation window dimensions to number of
particles will help in improving the analysis of the experiments.
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A Reference Images
Wiring diagram for our DAQ controllers. This image shows where we connect
the various sensor wires for our load cells as well as where we connect the
control wires for our stepper motors.
Figure 24: DAQ wiring diagram created by Nathen Nesbit.
Close up image of our granular media which is 5mm technical quality
glass sphere with a tolerance of plus or minus 0.3mm
Figure 25: Closeup image of our granular media.
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Figure 26: Nikon D90 digital camera
Image source: www.nikon.com march, 2012.
B MATLAB
Function for determining the normalized velocity field difference between two
analyzed images created by Professor Koehler.
function speed_difference
file1 = ’3-5inchD_5cmI_0-5cms.mat’;
file2 = ’3-5inchD_5cmI_10cms.mat’;
data1 = load( file1 );
data2 = load( file2 );
[data1.u, data1.v] = deal( real( data1.u), real(data1.v ) );
[data2.u, data2.v] = deal( real( data2.u), real(data2.v ) );
pixel_per_cm = data1.y(end)/260*100/(3.5*2.54)
%%
if numel( data1.u ) > numel( data2.u)
[data1, data2] = deal( data2, data1 );
end
speed1 = mean( mean(data1.u(:,[1 end])) );
speed2 = mean( mean(data2.u(:,[1 end])) );
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%%
u2 = interp2( data2.x, data2.y, data2.u, data1.x, data1.y, ’nearest’ );
v2 = interp2( data2.x, data2.y, data2.v, data1.x, data1.y, ’nearest’ );
%variance between the normalized velocity fields of the two experiments
ratio = ( (data1.u/speed1 - u2/speed2).^2+(data1.v/speed1 - v2/speed2).^2 )./...
( (data1.u/speed1 + u2/speed2).^2+(data1.v/speed1 + v2/speed2).^2 )*4;
[min( ratio( ~isnan(ratio) ) ), mean( ratio( ~isnan(ratio) ) ), max( ratio( ~isnan(ratio) ) )]
%%
figure(1); clf;
contourf( data1.x/pixel_per_cm, data1.y/...
pixel_per_cm, hypot( data1.u/speed1 - u2/speed2, data1.v/speed1 - v2/speed2 ) );
hold on;
h = quiver( data1.x/pixel_per_cm, data1.y/pixel_per_cm, data1.u/speed1 -...
u2/speed2, data1.v/speed1 - v2/speed2, ’color’, ’r’, ’linewidth’, 3 );
axis image;
set( get( colorbar, ’title’ ), ’string’, {’norm. speed’; ’difference’ } )
xlabel( ’x (cm)’ );
ylabel( ’y (cm)’ );
Function for plotting the change in the u component of the velocity field
both horizontally and vertically created by Professor Koehler.
function transverse_speed
frame_rate = 1/24;
%first set
slow = ’2inchD_1cmI_0-5cms’;
medium = ’2inchD_1cmI_5cms’;
fast = ’2inchD_1cmI_10cms’;
pixel_per_cm = (787-507)/(3.5*2.54 );
[xdown, ydown] = deal( 628, 210 );
[xacross, yacross] = deal( 772, 385 );
D = str2num(regexprep( slow, {’(.*)inch.*’, ’-’}, {’$1’, ’.’} ))*2.54;
Z = str2num(regexprep( slow, {’.*D_(\d).*’, ’-’}, {’$1’, ’.’} ));
load( slow, ’-mat’ );
%%
figure(1);
subplot(1,2,1);
contourf( x, y, u );
axis image;
subplot(1,2,2);
plot( y(x==xdown&y<=ydown)/pixel_per_cm, u(x==xdown&y<=ydown)/pixel_per_cm/frame_rate );
%%
figure(2);
clf;
ax = [subplot(1,2,1), subplot(1,2,2)];
hold(ax(1), ’on’);
hold(ax(2), ’on’);
speeds = -[10, 5, .5];
files = {fast, medium, slow};
colors = {’r’, ’k’, ’b’};
for i=1:3
load( files{i}, ’-mat’ );
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plt1(i) = plot( ax(1), (ydown-y(x==xdown&y<=ydown))/pixel_per_cm,
u(x==xdown&y<=ydown)/pixel_per_cm/frame_rate/speeds(i), colors{i} );
plt2(i) = plot( ax(2), -(xacross-x(x>=xacross&y==yacross))/pixel_per_cm,
u(x>=xacross&y==yacross)/pixel_per_cm/frame_rate/speeds(i), colors{i} );
end
legend( plt1, {’10 cm/s’; ’5 cm/s’; ’.5 cm/s’}, ’location’, ’northeast’, ’fontsize’, 7 );
xlabel(ax(1), ’$\Delta y$ (cm)’, ’interpreter’, ’latex’ );
ylabel(ax(1), ’$u/u_0$’, ’interpreter’, ’latex’ );
xlabel(ax(2), ’$\Delta x$ (cm)’, ’interpreter’, ’latex’ );
ylabel(ax(2), ’$u/u_0$’, ’interpreter’, ’latex’ );
axis tight;
text( max( xlim ), min(ylim), { sprintf( ’$D=%.2f$ cm’, D ); sprintf( ’$Z=%.2g$ cm’, Z ); ’’ }, ...
’verticalalignment’, ’bottom’, ’horizontalalignment’, ’right’, ’interpreter’, ’latex’, ’fontsize’, 10 );
set( gcf, ’papersize’, [7 3.5], ’paperposition’, [0 0 7 3.5] );
saveas( gcf, strcat( slow, ’.pdf’ ) );
open( strcat( slow, ’.pdf’ ) );
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